A CoCrFeNiMn high-entropy alloy was processed by high-pressure torsion to produce a grain size of ~10 nm and then tested in tension at elevated temperatures from 773 to 1073 K using strain rates in the range from 1.0 × 10 -3 to 1.0 × 10 -1 s -1 . The alloy exhibited excellent ductility at these elevated temperatures including superplastic elongations with a maximum elongation of >600% at a testing temperature of 973 K. It is concluded that the formation of precipitates and the sluggish diffusion in the HEA inhibit grain growth and contribute to a reasonable stability of the fine-grained structure at elevated temperatures. The results show the activation energy for flow matches the anticipated value for grain boundary diffusion in nickel but the strain rate sensitivity is low due to the occurrence of some grain growth at these high testing temperatures.
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Introduction
High entropy alloys (HEAs) are a new class of materials containing five or more principal elements with a simple crystal structure, such as an fcc lattice, which show a potential combination of high solid solution strengthening and good ductility according to its solid solution phase [1, 2] . One of the most studied single-phase HEAs is the equiatomic CoCrFeNiMn alloy [3] [4] [5] . The high temperature mechanical properties of this alloy were studied earlier but to date the occurrence of superplasticity has not been reported in this HEA [4, [6] [7] [8] [9] . It is well established that superplastic flow requires a very small grain size [10] and this may be achieved most readily through the application of severe plastic deformation (SPD) [11, 12] . Processing by the SPD technique of high-pressure torsion (HPT) is especially effective in producing ultrafine grains [13] and this procedure has led to superplastic elongations in numerous metallic alloys [14, 15] .
There are only a few reports describing the influence of HPT processing on HEAs [16] [17] [18] [19] [20] but it was shown for the CoCrFeNiMn alloy that processing by HPT leads to exceptional grain refinement to ~10 nm with a significant strength of ~1.75 GPa, a hardness of ~4. 41 GPa and with a very low ductility of ~4% at room temperature. No systematic investigations have been conducted to evaluate the high temperature mechanical behavior of this nanocrystalline CoCrFeNiMn alloy prepared by HPT. Accordingly, the present research was initiated to evaluate the effect of grain refinement due to HPT on the high temperature mechanical properties of the CoCrFeNiMn alloy. As will be demonstrated, this HEA is capable of exhibiting superplastic elongations of up to >600% when testing in tension at a temperature of 973 K.
Experimental material and procedures
An equiatomic CoCrFeNiMn (20 at.% each element) alloy was prepared by arc-melting, casting into a bar and then homogenizing at 1273 K for 16 h in an Ar atmosphere: full details of the experimental procedure were given earlier [20] . Polished disks with diameters of 10 mm 2 and thicknesses of ~0.8 mm were prepared from the homogenized alloy and then processed by HPT for 5 turns at room temperature (RT) under an applied pressure of 6.0 GPa at 1 rpm using quasi-constrained conditions in which there is a small outflow of material around the periphery of the disk during the torsional straining [21] . Foils for transmission electron microscopy (TEM) were prepared after HPT processing using a focused ion beam (FIB) Zeiss Nvision 40 FIB facility at 3 mm from the disk centres in the normal sections of the disks so that the normal of the images lay in the shear direction. TEM micrographs were obtained using a JEOL JEM-3010 microscope operating under an accelerating voltage of 300 kV.
Two miniature tensile specimens were cut from symmetric off-centre positions in each disk in order to avoid any inhomogeneities in the central regions of the disks [22] . These specimens were prepared by electro-discharge machining with gauge dimensions of 1.1 × 1.0 × 0.6 mm 3 and the mechanical properties were examined at temperatures from 773 to 1073 K. The stressstrain curves were recorded at each temperature using initial strain rates from 1.0 × 10 -3 to 1.0 × 10 -1 s -1 with at least two samples tested under each condition to ensure good reproducibility and with the testing conducted at constant displacement rates. The stress-strain curves were used to determine the ultimate tensile strengths (UTS) and the elongations to failure of each specimen with the elongations carefully checked by measuring the gauge lengths before and after tensile testing. Microstructural characterizations were conducted after testing by examining the gauge lengths and the gripping sections with optical microscopy (OM) and scanning electron microscopy (SEM). For the OM and SEM observations, the samples were ground through 800, 1200 and 4000 grit SiC papers, polished using a 40 nm colloidal silica suspension and then etched with a solution of 50 mL H 2 O, 50 mL HCl and 10 g CuSO 4 .
Experimental results
A TEM micrograph and a selected area electron diffraction pattern (SAED) of the asprocessed CoCrFeNiMn HEA are shown in Fig. 1 at a region ~3 mm from disk centre. The image shows that the microstructure of the HEA is highly strained with complicated non-3 uniform contrast because of the presence of a high density of different types of lattice defects.
Many of the grains have irregular shapes with sharp corners and many grains are surrounded by wavy and not well-delineated boundaries. These diffuse boundaries are typical of materials prepared using SPD techniques and they are consistent with the presence of a large volume of high-energy non-equilibrium boundaries [23] . The equiaxed grains visible in Fig. 1 were formed by the fragmentation of elongated grains and it is apparent that the average size of the separate fragments of these structures is ~10 nm. The arrangement of the diffraction spots in semi-continuous circles in the SAED pattern confirms that the microstructure contains boundaries having high angles of misorientation and the appearance of significant streaking of diffraction spots indicates the presence of high internal stresses and elastic distortions of the crystal lattice. It is important to note that the observed diffraction pattern corresponds to the fcc phase. and it is apparent that the total elongation consistently increases with decreasing stain rate. The maximum total elongations recorded in these experiments exceed 600% and this confirms the occurrence of superplasticity which requires an elongation of at least 400% [10] . However, the experimental range of strain rates was not sufficient to reveal the three regions of flow generally associated with conventional superplastic alloys where the measured elongations decrease at both high and low strain rates [24] .
Using the data from Fig. 2 , Fig. 3(a) shows the flow stress plotted logarithmically against the strain rate where the stress values decrease with increasing temperature and decreasing strain rate. The measured value of the strain rate sensitivity, m, is ~0.31 over two orders of magnitude of strain rate.
In order to understand the mechanism controlling the superplastic deformation in the CoCrFeNiMn HEA, the following equation was utilized [25] :
where A is a constant,  is the flow stress, G is the shear modulus, n is the stress exponent which is equivalent to the reciprocal of the strain rate sensitivity m, b is the Burgers vector, d is the grain size, p is the grain size exponent, Q is the activation energy for deformation, R is the gas constant and T is the testing temperature. respectively. Thus, although these specimens failed at high elongations, there is no evidence for any elongated grains within the deformed microstructures and this is consistent with the occurrence of GBS and conventional superplasticity A microstructural analysis of the sample tested at 973 K showed clearly the presence of precipitates in the matrix and some of these precipitates are marked by arrows in Fig. 4(b-d) . It also appears that some precipitates were extracted from the matrix during etching. It was noted earlier that the CoCrFeNiMn alloy has a single-phase fcc structure above 873 K but with a mixture of fcc and bcc phases below 873 K or, under some conditions, with a σ phase which is an intermetallic compound having a tetragonal crystal structure [27] . An earlier study suggested shows these precipitates are typically ~300-600 nm in diameter and form along the grain boundaries which suggests they may act as obstacles to grain growth and therefore they are beneficial in maintaining a reasonably fine grain size. In with earlier results where a coarse-grained CoCrFeNiMn HEA was examined after a low strain 6 rate creep test at 1073 K [7] . By contrast, some coarser oxide particles, such as B and E in Fig.   5 (b), were also present in the initial microstructure and are formed during alloying [20] . A relatively weak interface between these particles and the matrix probably promotes the formation of microcracks during tensile testing at 1073 K and this is consistent with the fracture tip shown in Fig. 5(a) where there is evidence for microcracking close to the fracture surface. This cracking at 1073 K will effectively reduce the elongations to failure as shown in Fig. 2(d) .
Discussion
Significance of the high temperature tensile results
The present results indicate that the processing of the CoCrFeNiMn HEA by HPT through 5
turns at RT produces a grain size of ~10 nm and this leads to superplastic elongations (>400%)
when testing at temperatures of 873 and 973 K. The results presented in Fig. 2(c) show that the provides direct confirmation of the occurrence of high strain rate superplasticity in this material [28] .
It has been reported that the high temperature mechanical behaviour of the coarse-grained
CoCrFeNiMn alloy demonstrates typical dynamic recrystallization stress-strain curves with evidence for steady-state flow at temperatures above 1073 K whereas there is continuous strengthening below 1073 K [9] . Close inspection of the true stress-true strain curves in the present study revealed no evidence for any steady-state flow stress even at 1073 K and this suggests there is no dynamic recrystallization in the present experiments at least within the temperature range of 873-1073 K.
Different activation energies of ~291 and ~213 kJ.mol -1 were reported for the coarsegrained CoCrFeNiMn HEA at temperatures above and below 1073 K, respectively [9] . It is 7 noted that the activation energy above 1073 K is comparable to the activation energy of ~322 kJ mol -1 for grain growth in this alloy where Ni diffusion is rate-controlling [29] . In practice, it is well established that Ni is the element having the lowest diffusion coefficient in these HEAs [30] . An even higher activation energy of ~330 kJ.mol -1 was obtained during tensile testing of the same alloy at temperatures above 1023 K using a strain rate of >10 -5 s -1 [7] .
In the present experiments, the activation energy of Q  113 kJ.mol -1 is much lower than the value of ~213 kJ mol -1 for the coarse-grained alloy below 1073 K [9] but nevertheless the value is in excellent agreement with the activation energy of ~115 kJ mol -1 reported for grain boundary diffusion in pure Ni [31] . This suggests that, as in conventional superplasticity [32] , the rate of flow is controlled by grain boundary diffusion.
The advent of superplastic elongations and an activation energy close to the value for grain boundary diffusion suggests that GBS probably occurs in this alloy at these high temperatures [33] . For example, grain refinement during static recrystallization before tensile testing may facilitate the sliding and also reduce the effective stress and cause flow softening.
Significance of the strain rate sensitivity in this alloy
The analysis of the tensile testing given in Fig. 3(a) shows clearly that the flow stress decreases with increasing temperature and decreasing strain rate. Furthermore, the measured value of the strain rate sensitivity is m  0.3 which is lower than the usual value of m = 0.5 associated with superplastic flow [32] . This result appears instead to be consistent with the value of m = 0.3 anticipated for flow where dislocation glide is the rate-controlling process [34] . Nevertheless, there is a clear dichotomy in these results that requires further analysis.
First, it is important to note there is excellent evidence for true superplastic flow in this CoCrFeNiMn alloy. Thus, the maximum elongation to failure exceeds 600% which readily fulfills the superplastic requirement of an elongations of at least 400%, Fig. 4(a) shows there is no incipient necking within the gauge length at this high strain, the grains in Figs 4(b)-(d) are essentially equiaxed after tensile testing and the measured activation energy is consistent with 8 the value for grain boundary diffusion of the element having the lowest diffusion coefficient.
All of these results support the occurrence of true superplastic flow and yet the strain rate sensitivity is lower than anticipated for the superplastic mechanism.
To understand this discrepancy it is necessary to re-examine the results by comparing the present data with conventional superplastic alloys. In conventional alloys there is either no grain growth or only a very limited amount of grain growth occurring during testing but the HEA in these experiments is different because the grains grew substantially during the test that gave an elongation of >600%. Thus, the grain size immediately after HPT processing was only ~10 nm but the final grain size after tensile testing at 973 K was ~1.0 m. This corresponds to an increase in grain size during tensile testing of two orders of magnitude and yet, because of the exceptionally small grain size after HPT processing, the final grain size remained within the superplastic regime.
A consideration of this result shows that the occurrence of substantial grain growth during testing will affect the measured strain rate sensitivity. This may be explained by examining the schematic illustration in Fig. 6 which shows, using logarithmic scales, the flow stress, , plotted against the initial strain rate, , for a superplastic material having different values for the grain size, d. At high strain rates the results for all samples with different grain sizes fall on a single line because flow occurs by an intragranular dislocation process which is independent of grain size where this corresponds to region III in conventional superplastic alloys. But in the superplastic regime, corresponding to region II, the behavior depends on grain size such that the smallest grain size exhibits the fastest strain rate for any selected stress because in superplasticity the strain rate varies inversely with grain size raised to a power of 2 [31] .
There are numerous experimental results in superplasticity showing the effect of grain size [35, 36] and Fig. 6 depicts the possible trends for three different grain sizes. In tensile testing at constant displacement rates under conditions of grain growth, the values recorded for the flow stresses will depend on the instantaneous grain sizes when the stresses are recorded. In the 9 absence of any grain growth, where the grain size remains constant throughout the test, three separate specimens may give the experimental points shown as solid circles in Fig. 6 with each point lying along a single line and with a slope corresponding to m  0.5. But in the presence of significant grain growth, the experimental points will be displaced to lines appropriate for these larger grain sizes and the extent of this displacement will depend upon the amount of grain growth and therefore upon the time between the start of tensile testing and the recording of the flow stress. At lower strain rates this time will be longer and therefore there will be a tendency for the measured points at slow strain rates to move to the lines associated with larger grain sizes as depicted by the open points in Fig. 6 . Thus, this displacement will produce an experimental value of m which is lower than the true value so that the occurrence of grain growth in superplastic alloys can easily lead to an apparent strain rate sensitivity of m  0.3.
This analysis provides an explanation for the occurrence of superplastic flow in the HEA even when the experimental value of the strain rate sensitivity is close to ~0.3 and it appears that dislocation glide may be the rate-controlling mechanism. It should be noted that there is also direct evidence that dislocation glide is not the rate-controlling mechanism in the present experiments because the measured elongations in dislocation glide are generally only about 200-300% [37] and the highest elongation reported to date for any alloy undergoing flow by dislocation glide with m  0.3 was slightly under 350% for an Al-5% Mg alloy having a grain size of 40 m [38] . Indeed, this maximum elongation of ~350% occurring in a coarse-grained material undergoing dislocation glide provided the impetus for delineating a minimum elongation of 400% in order to confirm the occurrence of true superplastic flow [10].
There are two basic requirements in order to achieve superplastic flow in a polycrystalline material [39] . First, the material must have a small and reasonably stable grain size which is smaller than ~10 μm. This means superplasticity occurs in two-phase materials where the presence of separate phases leads to a significant inhibition of grain growth and in materials containing a fine dispersion of a second phase to act as a grain refiner. Second, superplasticity is diffusion-controlled and therefore it occurs only at temperatures at and above ~0.5T m where T m is the absolute melting temperature of the material. The present results demonstrate that the grain sizes of the HPT-processed samples easily fulfill the requirement for superplasticity since the grain size is retained within the superplastic regime due to the presence of precipitates and the sluggish diffusion which is an inherent feature of these alloys [30, 40] . Nevertheless, the formation of microcracks at the highest testing temperature of 1073 K leads to a deterioration in ductility at this temperature. In addition, the testing temperatures used to achieve superplasticity in this investigation are >0.5T m based on the CoCrFe-NiMn phase diagram where T m  1613 K [41] .
Finally, the nanostructured CoCrFeNiMn HEA exhibits excellent ductility at 873-1073 K including superplastic elongations with a maximum elongation of >600% at a testing temperature of 973 K. This investigation therefore provides the first demonstration of superplasticity in the CoCrFeNiMn HEA. Although this result is unique for this alloy, superplastic elongations were reported earlier in the AlCoCrCuFeNi HEA [42] [43] [44] [45] and this alloy exhibited a maximum elongation of ~1240% when testing at a temperature of 1273 K [44] . In this latter HEA, the strain rate sensitivity was m  0.37-0.56 which is higher than in the present HEA and generally consistent with the anticipated value of m in superplastic flow.
Summary and conclusions
1. Processing of a CoCrFeNiMn HEA by HPT through 5 turns at RT produced a grain size of ~10 nm and gave excellent ductility in tensile testing at 873-1073 K including superplastic elongations (>400%) at temperatures of 873 and 973 K. The maximum total elongation recorded in these experiments exceeded 600% at 973 K.
2. The advent of superplastic elongations and an activation energy close to the value for grain boundary diffusion suggests that GBS occurs in this alloy at 873-1073 K. This is confirmed by the absence of any elongated grains within the microstructure after tensile testing and the lack of any incipient necking within the gauge length.
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3. The measured value of the apparent strain rate sensitivity was ~0.3 in these experiments but analysis shows this low value is due to the occurrence of significant grain growth during the tensile testing. It is concluded that the HEA does not deform by dislocation glide but rather it exhibits true superplastic flow when testing at elevated temperatures.
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